Pneumocystis species are fungal pathogens that cause pneumonia in immunocompromised hosts. Lung damage during Pneumocystis pneumonia is predominately due to the inflammatory immune response. Pneumocystis species have a biphasic life cycle. Optimal innate immune responses to Pneumocystis species are dependent on stimulation with the cyst life cycle stage. Conversely, the trophic life cycle stage broadly suppresses proinflammatory responses to multiple pathogen-associated molecular patterns (PAMPs), including β-1,3-glucan. Little is known about the contribution of these life cycle stages to the development of protective adaptive responses to Pneumocystis infection. Here we report that CD4 + T cells primed in the presence of trophic forms are sufficient to mediate clearance of trophic forms and cysts. In addition, primary infection with trophic forms is sufficient to prime B-cell memory responses capable of clearing a secondary infection with Pneumocystis following CD4 + T cell depletion. While trophic forms are sufficient for initiation of adaptive immune responses in immunocompetent mice, infection of immunocompromised recombination-activating gene 2 knockout (RAG2 −/− ) mice with trophic forms in the absence of cysts does not lead to the severe weight loss and infiltration of innate immune cells associated with the development of Pneumocystis pneumonia.
Introduction
Pneumocystis species are opportunistic fungal pathogens that cause severe pneumonia in immunocompromised hosts. Patients at risk for developing Pneumocystis pneumonia (PcP) include those whose immune systems have become compromised due to acquired immunodeficiency syndrome (AIDS) or immunosuppressive treatments such as chemotherapy, steroid treatment, and anti-tumor necrosis factor alpha (TNFα) biologic therapy. [1] [2] [3] [4] [5] [6] The clearance of Pneumocystis organisms from the host lung is dependent on a broad range of effector responses, including CD4 + T-cell, B-cell, and macrophage activity. [7] [8] [9] [10] In the absence of an efficient adaptive immune response, immunocompromised patients may progress to PcP, which is characterized by inflammation-mediated alveolar damage. 11 Basic research into the interactions between this fungal pathogen and the host immune response has the potential to inform novel approaches to reduce morbidity and mortality due to Pneumocystis pneumonia.
Pneumocystis species have a biphasic life cycle consisting of trophic forms and cysts. Trophic forms are singlenucleated organisms typically found in clusters surrounded by a biofilm-like substance consisting of a conglomeration of DNA, β-glucan, and other sugars. 12 Cysts are ascus-like structures that consist of multiple nuclei surrounded by a fungal cell wall consisting of β-1,3 glucan and β-1,6 glucan. [13] [14] [15] Trophic forms do not express β-glucan and do not form a cell wall. 14 We have previously reported that the life cycle stages of Pneumocystis murina have opposing effects on the immune response. The immune response to primary infection with P. murina trophic forms alone was less robust than the response to infection with a physiologically normal mixture of cysts and trophic forms. 16 Infection with trophic forms alone resulted in reduced numbers of CD11c + innate immune cells in the lungs, as well as reduced recruitment of B cells and T cells, compared to infection with a normal mixture of trophic forms and cysts. 16 In vitro, trophic forms suppressed production of the proinflammatory cytokines interleukin 1 beta (IL-1β), interleukin 6 (IL-6), and TNFα by bone marrow-derived dendritic cells (BMDCs) stimulated with β-glucan, zymosan, depleted zymosan, lipoteichoic acid (LTA), or lipopolysaccharides (LPS). 16 In addition, trophic form-stimulated BMDCs failed to stimulate production of the T helper 1 (T h 1)-type cytokine interferon gamma (IFN-γ ) by CD4 + T cells. 16 Despite these delays, the mice inoculated with trophic forms were able to clear the infection within a similar period of time as the mice inoculated with mixed organisms. 16 However, the rapid turnover of trophic forms into cysts in these previous experiments precludes the formation of conclusions regarding which life cycle stage(s) initiate the immune responses that lead to clearance. 16 Here we demonstrate that the trophic stage of P. murina is sufficient to provoke CD4 + T cell-and antibody-mediated responses leading to clearance of infection but not progression to PcP. The adoptive transfer of CD4 + T cells generated in the presence of trophic forms was sufficient to mediate the clearance of both trophic forms and cysts from the lungs of RAG2
−/− mice. In addition, primary infection with trophic forms was sufficient for the development of antibody-mediated secondary responses leading to clearance of both trophic forms and cysts following reinfection. Recent studies demonstrate that protective immunization against Pneumocystis infection is a feasible goal, even in the context of simian immunodeficiency virus (SIV)-induced immunosuppression or CD4 + T-cell depletion. 17, 18 Our data suggest that trophic form-mediated immune suppression of innate responses does not impede the development of protective secondary adaptive responses. Conversely, our data suggest that the depletion of the cyst life cycle stage may be sufficient for protection against the inflammation-mediated pathology associated with PcP.
Methods

Mice
Mice were maintained at the University of Kentucky Department of Laboratory Animal Resources (DLAR) under specific-pathogen-free conditions. BALB/cJ mice were purchased from the Jackson Laboratory (Bar Harbor, ME) and bred in our animal facilities. 
P. murina isolation and infection
Lungs were excised from P. murina-infected Rag2 −/− mice and pushed through stainless steel mesh in Hank's balanced salt solution (HBSS) containing 0.5% glutathione at pH 7.3. Cell debris was broken up by aspirating through 20 and 26-gauge needles, then removed by centrifugation at 100 × g for 3 min. Trophic forms were isolated by removing the supernatant following centrifugation at 400 × g for 7 min. This preparation results in greater than 100 trophic forms per cyst. 16 The pellet from the 400 × g spin contained a mixed population of cysts and trophic forms, at a typical ratio of 10 : 1 trophic forms to cysts. Erythrocytes in the pellet were lysed with water and organisms suspended in an equal volume of 2× phosphatebuffered saline (PBS). Organisms were incubated with 200 U DNase (Sigma-Aldrich, St. Louis MO) at 37
• C for 30 min. Clumps were broken up by aspirating through a 26-gauge needle. The remaining cell debris was removed by centrifugation at 100 × g for 3 min, followed by passage over a 70 μm filter. Pneumocystis life forms were pelleted by centrifugation at 1300 × g for 15 min, then resuspended in 100 μl HBSS containing 10 units/ml penicillin, 10 μg/ml streptomycin, and 1 μg/ml gentamicin. Aliquots of mixed P. murina organisms or enriched trophic forms were diluted, and 100 μl aliquots were spun onto a 28.3 mm 2 area of glass slides. Slides were fixed in methanol and stained with DiffQuik (Siemens Healthcare Diagnostics, Inc., Deerfield, IL, USA). The numbers of trophic forms, cysts, and total fungal nuclei were determined microscopically using the 100× oil immersion objective of a Nikon microscope. Cysts may contain up to eight nuclear contents, which may excyst and live as trophic forms within the alveolar spaces. Therefore, the trophic and mixed P. murina inoculation doses were normalized based on the nuclei count. The growth kinetics during primary infection are similar following inoculation with equal nuclei burdens of trophic forms or mixed P. murina in the absence of anidulafungin. 16 Adoptive transfer of CD4 + T cells Adult (8 weeks old) BALB/cJ mice were treated with saline or 1 mg/kg anidulafungin (Pfizer, New York, NY, USA) by the intraperitoneal route 1 day prior to infection and three times per week thereafter. Mice were anesthetized lightly with isoflurane anesthesia to suppress the diver's reflex and inoculated intratracheally with a dose of enriched trophic forms or mixed P. murina equivalent to 10 6 total nuclei in 100 μl HBSS containing 10 units/ml penicillin, 10 μg/ml streptomycin, and 1 μg/ml gentamicin. The mice were placed on an upright support rack, and the inoculations were performed using a blunted intratracheal needle designed with a curve to accommodate the trachea. Infected mice were euthanized at 14 days post-infection. Tracheobronchial lymph nodes (TBLN) were collected from the infected mice followed by passage over a 70 μm filter. Erythrocytes were removed using hypotonic ammoniumchloride-potassium (ACK) lysing buffer. 
Isolation of cells from alveolar spaces, lungs, and lymph nodes
Mice were exsanguinated under deep isoflurane anesthesia, and lungs were lavaged with five washes of HBSS containing 3 mM ethylenediaminetetraacetic acid (EDTA). Bronchial alveolar lavage fluid (BALF) was centrifuged to obtain cells, and cell-free supernatant from the first wash was frozen for subsequent cytokine assays using TNFα, IFNγ , IL-13, and IL-17A ELISA kits (eBioscience, San Diego, CA, USA). Right lung lobes were excised, minced, and digested in Roswell Park Memorial Institute medium (RPMI) medium supplemented with 3% heat-inactivated fetal calf serum, 1 mg/ml collagenase A (Sigma-Aldrich, St. Louis, MO, USA), and 50 U/ml DNase for 1 h at 37
• C. Digested lungs were pushed through 70 μm nylon mesh screens to obtain single-cell suspensions, and aliquots were taken for enumeration of P. murina. Tracheobronchial lymph nodes (TBLN) were also excised and pushed through 70 μm nylon mesh screens in HBSS. Erythrocytes were removed using hypotonic ACK lysing buffer. Cells were washed and counted by hemocytometer.
Flow cytometric analysis
BALF, lung digest, and TBLN cells were washed with PBS containing 0.1% bovine serum albumin and 0.02% NaN3 and stained with appropriate concentrations of fluorochrome-conjugated antibodies specific for murine surface proteins (anti-CD4 clone GK1.5, anti-CD8a clone 53-6.7, anti-CD19 clone 1D3, anti-CD44 clone MEM-85, anti-CD62L clone MEL-14, anti-CD11c clone N418, antiCD11b clone M1/70, and anti-F4/80 clone BM8). Antibodies were purchased from BD Biosciences (San Jose, CA, USA) or eBioscience (San Diego, CA, USA). Expression of these molecules on the surface of the cells was determined by multiparameter flow cytometry using a LSRII flow cytometer (BD Biosciences). 50,000 events were routinely acquired and analyzed using FlowJo software (TreeStar, Ashland, OR, USA).
Analysis P. murina-specific IgG in serum
Blood was collected from rechallenged mice following euthanasia at day 15 post-rechallenge (n = 3 mice per group). Blood samples were centrifuged to pellet cells, and serum was collected and frozen at −80 • C for later use. P. murinaspecific immunoglobulin G (IgG) was measured by enzymelinked immunosorbent assay (ELISA). A sonicate of P. murina trophic forms or mixed organisms (10 μg protein/ml) was coated onto 96-well plates, and wells were blocked with 5% dry milk in HBSS containing 0.05% Tween-20. Sera were diluted and incubated on plates overnight. Serum collected from an uninfected mouse was used as a negative control. Plates were extensively washed, and bound IgG was detected using alkaline phosphatase-conjugated anti-mouse IgG (Sigma). Plates were washed and secondary antibodies detected using p-nitrophenylphosphate at 1 mg/ml in diethanolamine buffer. Optical density was read at 405 nm using a plate reader equipped with KC Junior software (Bio-Tek Instruments, Inc., Winnoski, VT, USA). An OD of 0.1 was considered a cutoff value based on previous results from sera collected from uninfected mice. The OD of the negative control serum employed in these experiments remained below the 0.1 cutoff value.
Enumeration of Pneumocystis in the lungs of mice
Aliquots of lung homogenates were spun onto glass slides and stained as described above. The number of P. murina trophic forms or cysts in 50 microscopic oil immersion fields was used to calculate fungal burden. Lung burden is expressed as the number of P. murina organisms per right lung lobe, and the limit of detection was Log 10 3.42 organisms per right lung lobe.
Statistical analysis
Data were analyzed utilizing the SigmaStat statistical software package (SPSS Inc., Chicago, IL, USA). Student's ttest, one-way or two-way analysis of variance (ANOVA) was used to determine differences between groups, with Student-Newman-Keuls multiple comparisons post hoc tests. Kruskal-Wallis one-way ANOVA on ranks was used to analyze differences between groups when the data were nonparametric. Data were determined to be significantly different when the P-value was < .05.
Results
Trophic forms are sufficient to provoke CD4
To evaluate the role of trophic forms in the generation of protective CD4 + T-cell responses, we treated immunocompetent, wild-type mice ("donors") with the β-1,3-glucan synthesis inhibitor anidulafungin to prevent encystment. Anidulafungin-treated mice were infected with enriched trophic forms. A control group of mice was treated with saline and infected with a mixture of trophic forms and cysts. At 14 days post-infection, CD4 + T cells were isolated from the TBLN and adoptively transferred to RAG2 −/− mice ("recipients"). Recipient mice were treated with either anidulafungin or saline followed by infection with trophic forms or mixed organisms, respectively. As expected, cysts were not detected below the limit of detection in recipient mice treated with anidulafungin (Fig. 1A) . Mice that received trophic form-stimulated CD4 + T cells followed by infection with trophic forms had more trophic forms in the lungs at day 15 post-infection compared to all other groups (Fig. 1A) . However, all of the recipient mice infected with trophic forms cleared their trophic burden by day 30 post-infection, while only one of four mice infected with mixed organisms cleared its trophic and cystic burdens by day 30 post-infection. A higher number of activated CD4 + T cells were also observed at day 15 post-infection in the lung parenchyma of the group that received trophic form-stimulated CD4 + T cells followed by infection with trophic forms compared to all other groups (Fig. 1B) . These differences were resolved by day 30 post-infection, and no differences in the numbers of activated CD4 + T cells in the alveolar spaces (BALF) or TBLN were observed among the groups. into recipient mice infected with mixed P. murina organisms (Fig. 2) . Statistically significant differences were not observed amongst the groups in regards to TNFα, IL-13, and IL-17A production in the alveolar spaces (Fig. 2) .
Trophic forms are sufficient to induce B cell-mediated clearance of P. murina infection.
To evaluate the role of trophic forms in the generation of protective B cell responses, we treated immunocompetent, wild-type mice with anidulafungin, followed by infection with enriched trophic forms. Following clearance of the primary infection, anti-CD4 antibody was administered to deplete CD4 + T cells. The depletion of CD4 + T cells was confirmed by flow cytometry 3 days after the initial dose (Fig. 3A) and at the end of the study (data not shown). Mice were then treated with either anidulafungin or saline and reinfected with enriched trophic forms or mixed P. murina organisms, respectively. The memory B-cell response to trophic forms was sufficient to mediate clearance of P. murina trophic forms and cysts by day 15 post-infection (Fig. 3B) . No differences in the numbers of CD19 + B cells in the alveolar spaces, lung parenchyma, and TBLN were observed between the mice rechallenged with trophic forms or mixed organisms (Fig. 3C) . Likewise, no differences were observed in the expression of the costimulatory molecules CD80 and CD86 on the surface of B cells (data not shown). No differences in the numbers of activated CD8+ T cells in the alveolar spaces, lung parenchyma, and TBLN were observed between the groups (data not shown).
Serum antibody from trophic form-or mixed P. murina-infected mice binds mixed P. murina antigen at higher titer than enriched trophic forms.
To test the specificity of the antibody produced in our B cell rechallenge model, serum was collected at day 15 post-rechallenge. The titer of serum IgG against sonicated mixed P. murina organisms was 1:5000, compared to a titer of 1:1000 against an equal protein concentration of sonicated trophic forms (Fig. 4) . A similar trend was observed when serum IgG was probed against an equal organism concentration of sonicated trophic forms versus mixed P. murina organisms (data not shown). The source of the serum (mice rechallenged with trophic forms versus mixed organisms), did not have an impact on the titer against trophic forms nor mixed organisms (Fig. 4) . These data are comparable to the anti-trophic form and anti-mixed organism titers of serum collected from immunocompetent mice following primary infection with mixed organisms (data not shown).
Trophic forms promote early antibody-mediated innate responses to infection with trophic forms in the absence of cysts.
B cells may enhance innate immunity to Pneumocystis organisms via antibody-mediated opsonization of the fungal organisms and by the production of cytokines and other signals to maximize antifungal responses. 9, [20] [21] [22] Here, innate immune cells were phenotyped and quantified at day 15 post-infection in the lungs of CD4-depleted mice rechallenged with trophic forms or mixed P. murina (Fig. 5) . A twofold increase in activated macrophages and lung dendritic cells (CD11c + CD11b + innate immune cells) was observed at day 15 post-infection in the alveolar spaces of mice rechallenged with trophic forms (Fig. 5) . Differences in the numbers of immature alveolar macrophages and lung dendritic cells (CD11c + CD11b − ), and non-resident innate immune cells (CD11c − CD11b + ) were not observed between the groups (Fig. 5) .
Infection with trophic forms in the absence of cysts is not sufficient for progression to PcP in immunocompromised mice.
Pneumocystis pneumonia is characterized by inflammationmediated alveolar damage. Here, we evaluate the role of the trophic forms in the development of Pneumocystis pneumonia (PcP) using mice deficient in T and B cells. RAG2 −/− mice were treated with anidulafungin or saline, followed by infection with enriched trophic forms ( Fig. 6A-B ). Saline-treated control mice were euthanized at day 72 post-infection due to symptoms of advanced PcP, including severe weight loss (Fig. 6A) . In contrast, mice treated with anidulafungin had no overt symptoms of PcP, and continued to gain weight through the end of the study at day 120 post-infection (Fig. 6A) . The lungs of saline-treated control mice contained 8 × 10 7 trophic forms and 5 × 10 6 cysts at day 72 post-infection (Fig. 6B) . No cysts were detected in the lungs of the anidulafungin-treated mice at day 120 post-infection (Fig. 6B) . A small population of 4 × 10 5 trophic organisms remained in the lungs of the anidulafungin-treated mice (Fig. 6B ).
In the absence of adaptive immunity, infection with mixed P. murina organisms induces non-protective inflammatory responses, including recruitment of innate immune cells. 23, 24 We evaluated the innate immune responses in the alveolar spaces (BALF) and lung parenchyma of the salineand anidulafungin-treated mice following euthanasia at day 72 and day 120 post-infection, respectively (Fig. 6) . A direct comparison between the groups is not advisable due to the difference in study endpoints. Rather, the following data are presented as a snapshot of the lungs at the time of euthanasia. An average of 119 pg/ml TNFα was detected in the BALF of the saline-treated mice at day 72 postinfection, while the lavage of anidulafungin-treated mice contained an average of 17 pg/ml TNFα at day 120 postinfection. The majority of the cells in the alveolar spaces and lung parenchyma of saline-treated mice were CD11c anidulafungin-treated groups were CD11c + CD11b − immature macrophages or dendritic cells, and the majority of the CD11c − CD11b + non-resident cells were F4/80 high , indicating recruitment of monocytes or macrophages rather than neutrophils. These data indicate that cysts are required for the development of inflammatory responses associated with Pneumocystis pneumonia. Additionally, trophic forms are able to survive in immunocompromised lungs for extended periods of time in the absence of cysts and without being able to complete their life cycle.
Discussion
The data reported here confirm that the trophic stage of P. murina is sufficient to induce CD4 + T cell-and antibodymediated responses leading to clearance of infection but not progression to Pneumocystis pneumonia. We have previously reported that cysts are required for robust early innate and adaptive immune responses, including recruitment of CD4 + T cells and B cells into the alveolar spaces. 16 While the magnitude of the early response was reduced in the animals inoculated with trophic forms alone, both the mice inoculated with trophic forms and the mice inoculated with mixed P. murina cleared the infection by 30 days post-inoculation. Previously we found that mice infected with trophic forms developed detectable cysts by day 7 in adult mice and day 14 post-infection in neonates. 16 Because of this, we were unable to discern whether trophic forms failed to induce protective immune responses, or if the response to trophic forms was merely delayed. 16 P. murina-infected animals was sufficient to mediate clearance of trophic forms in recipient mice. However, adoptive transfer of CD4 + T cells from trophic form-or mixed P.
murina-infected animals was sufficient to mediate clearance of mixed P. murina organisms in only one mouse among the group of four animals by day 30 post-infection. Previous studies from our laboratory and others demonstrate that transfer of CD4 + T cells from mixed P. murina-infected animals is sufficient to mediate clearance of mixed P. murina organisms in SCID mice. 7, 26, 28, 29 Therefore, we predict that mixed P. murina-stimulated CD4 + T cells would eventually mediate clearance of the infection, given sufficient time.
While macrophages are required for clearance of Pneumocystis organisms, these cells are not competent to resolve the infection in the absence of adaptive immunity. [7] [8] [9] [10] Here, a control population of RAG2 −/− mice was infected with mixed Pneumocystis organisms and treated with saline, but
were not given CD4 + T cells. As expected, this group contained a relatively high average fungal burden of 9.89 × 10 6 trophic forms and 8.69 × 10 5 cysts at day 30 postinfection, with an average of 11.4 trophic forms to cysts (data not shown). This population reconfirms that the adoptive transfer of CD4 + T cells was required for the control of fungal growth. In addition, this control population demonstrates that while the majority of the CD4 + T cell recipient mice failed to clear the mixed P. murina organisms by day 30 post-infection, the adoptive transfer of CD4 + T cells was sufficient to limit fungal growth. This observation is consistent with our prediction that the transfer of P. murina-stimulated CD4 + T cells would eventually mediate clearance of the mixed P. murina infection, given sufficient time. Intriguingly, our data suggest that the CD4 + T cellmediated clearance of trophic forms during secondary infection occurs more rapidly in the absence of cysts. This phenomenon occurs independently of the composition of the priming infection. Our previous evidence indicates that cysts enhance, rather than inhibit the inflammatory response. 16 Therefore, we suggest that the more efficient clearance of trophic forms observed in the absence of cysts may be due to slower growth kinetics of trophic forms in the absence of cysts. Linke et al. demonstrate that anidulafungin does not limit the expansion of trophic forms during the first 2 weeks of treatment. 30 However, our long-term anidulafungin model (Fig. 6 ) demonstrates poor expansion of the trophic population due to the prolonged absence of the cyst stage. In the absence of anidulafungin, a single mature cyst produces eight progeny which develop into trophic forms. Clearance of the trophic population by immune cells may be accelerated in the absence of this source of nascent trophic forms. Previously reported data demonstrate that cysts are required for robust numbers of activated CD4 + T cells within the alveolar spaces and lung parenchyma of infected animals. 16 However, we report here that the adoptive transfer organisms. 16 Furthermore, trophic form-stimulated BDMCs failed to produce TNFα, IL-1β, and IL-6 in response to various other stimuli, and failed to induce IFNγ production during co-culture with CD4 + T cells. 16 Conversely, the data reported here show that trophic forms are sufficient to drive CD4 + T cell-mediated TNFα, IFN-γ , and IL-13 production in vivo. These data suggest that stimulation with trophic forms does not skew the immune response away from T h 1 or T h 2-type responses. While T h 17 responses are critical for control of many fungal infections, including candidiasis, a mixed T helper response is observed in response to Pneumocystis infection. This mixed response appears to be largely redundant, as T h 1-, T h 2-, and T h 17-type responses have all been associated with clearance of P. murina organisms. [30] [31] [32] [33] [34] [35] Cumulatively, our data suggest that trophic forms suppress the development of innate immunity, and thus delay the initiation of adaptive responses 16 , but trophic forms do not have a direct suppressive effect on CD4 + T cells in vivo.
We have reported that cysts are required for an early increase in B cells in the lungs of infected mice. 16 However, here we report that primary infection with trophic forms is sufficient to induce antibody-mediated clearance of P. murina trophic forms and cysts during secondary infection. No differences in B cell count were observed in the animals rechallenged with trophic forms or mixed P. murina organisms. Rechallenge of CD4 + T cell-depleted mice with trophic forms promoted increased numbers of activated macrophages and dendritic cells (CD11c + CD11b + ) in the alveolar spaces compared to mice rechallenged with mixed P. murina. However, these data were generated by a single timepoint following clearance (day 15), and differences between the groups may be due to the kinetics of clearance, rather than differences in the magnitude of the response. Intriguingly, serum antibody bound sonicated mixed P. murina antigen at higher titer than trophic antigen. This phenomenon was observed even in serum from anidulafungin-treated animals that had never developed cysts. Previous studies suggest that there is significant overlap in the glycoproteins, including glycoprotein A (gpA, alternatively, major surface glycoprotein, MSG), on the surface of trophic forms and cysts. 36, 37 Our data suggest that serum antibody raised against trophic forms binds conserved material on the cyst life cycle stage. The data may also indicate that there is more of this material on the cysts than on the trophic forms. Regardless, our data indicate that while serum antibody binds mixed P. murina antigen at higher titer than trophic forms, antibody-mediated responses are sufficient for clearance of both trophic forms and cysts. While the initiation of innate and adaptive responses is required for clearance of Pneumocystis organisms in immunocompetent hosts, the nonspecific provocation of inflammation leads to immune-mediated damage in immunocompromised hosts that progress to Pneumocystis pneumonia. 23, 24 It has been previously reported that treatment of immune-reconstituted mice with the β-1,3-glucan synthase inhibitor anidulafungin results in depletion of cysts and a reduced inflammatory response. 30 Here we report that long-term anidulafungin treatment of trophic form-infected RAG2 −/− mice results in the carriage of a relatively small population of trophic forms without progression to pneumonia. Control RAG2 −/− mice developed cysts and progressed to pneumonia characterized by weight loss, and recruitment of neutrophils into the lungs. In contrast, the majority of innate immune cells within the alveolar spaces of anidulafungintreated mice were immature alveolar macrophages and lung dendritic cells. Linke et al. propose that depletion of cysts would reduce inflammation-induced lung damage in patients, and our data further corroborates this suggestion. 30 However, our data highlight the need for a greater understanding of the impact of trophic forms on inflammatory responses and host health. While no overt symptoms of pneumonia were detected in our anidulafungin-treated mice, it has been reported that trophic forms induce direct damage to alveolar epithelial cells. 38 In our model, the fungal lung burden of RAG2 −/− mice with severe pneumonia may consist of as many as 1 × 10 8 trophic forms. It is unclear why the expansion of trophic forms was limited in RAG2 −/-mice during longterm treatment with anidulafungin. Linke and Cushion et al. demonstrate that a short-term course of β-1,3-glucan synthase inhibitor therapy does not hamper expansion of trophic forms. 30, 39 However, the extended time course of our study suggests that cysts enhance the growth of the trophic forms by an unknown mechanism. It is thought that the formation of the cyst requires sexual reproduction, and it is possible that the growth of the fungus is severely limited when the trophic forms are restricted to asexual reproduction. 40 Meiosis followed by multiple rounds of mitosis within the formed cyst results in a quadrupling of the number of organisms which may be important for more rapid expansion of organisms. In the absence of this rapid expansion of organisms via sexual reproduction, it is possible that innate immune cells may kill enough of the trophic forms to limit the growth of the population, but not enough to clear the organisms from the lungs. Alternatively, a signal or product from the cyst or cyst-stimulated host cells could be required for expansion of trophic forms. Trophic forms are found clustered within a biofilm-like substance that includes material from previously ruptured cysts. 12 Depletion of cysts may deprive the trophic forms of this protective shelter, and may permit killing of trophic forms by innate immune cells. Whatever the mechanism, it is interesting that in an immunosuppressed environment the trophic population does not collapse in the absence of cysts. This would certainly limit the use of glucan synthase inhibitors as routine monotherapy for PCP. We have previously reported that infection with trophic forms in the absence of cysts leads to the delayed initiation of innate and adaptive responses against Pneumocystis infection. 16 Despite these delays, we found here that the trophic stage of P. murina is sufficient to induce CD4 + T cell-and antibody-mediated responses leading to clearance of infection but not progression to Pneumocystis pneumonia, as defined by severe weight loss and infiltration of innate immune cells into the lungs. These data suggest that immune evasion by the trophic forms may hinge on the suppression of the initiation of the innate immune response. The development of adaptive immunity may represent a "point of no return" at which the trophic forms are no longer able to escape clearance. Manipulation of the immune response to trophic forms and cysts may provide new options for the treatment and prevention of Pneumocystis infection, while a failure to consider these differential responses may hamper future efforts. Here, our data indicate that trophic forms elicit adaptive responses, but do not provoke the non-protective inflammation characteristic of Pneumocystis pneumonia. Further evaluation of the antigenic determinants on trophic forms and cysts may elicit a vaccine that provides protection while limiting immune-mediated damage, including immune reconstitution syndrome.
